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Abstract
Objective
To investigate whether higher global left frontal cortex (gLFC) connectivity, a putative neural
substrate of cognitive reserve, attenuates the effect of entorhinal tau PET levels on episodic
memory in older adults.

Methods
Cross-sectional 18F-AV-1451 PET (to assess tau pathology), 18F-AV-45 or 18F-BAY94-9172
PET (to assess β-amyloid [Aβ]), and resting-state fMRI were obtained in 125 elderly partic-
ipants from the Alzheimer’s Neuroimaging Initiative, including 82 cognitively normal partic-
ipants (amyloid PET-positive [Aβ+], n = 27) and 43 patients with amnestic mild cognitive
impairment (Aβ+ = 15). Resting-state fMRI gLFC connectivity was computed for each par-
ticipant as the average functional connectivity between the left frontal cortex (LFC) (seed) and
each remaining voxel in the gray matter. As a measure of tau pathology, we assessed the mean
tau PET uptake in the entorhinal cortex. In linear mixed-effects regression analysis, we tested
the interaction term gLFC connectivity × entorhinal tau PET on delayed free recall perfor-
mance. In addition, we assessed whether higher connectivity of the whole frontoparietal control
network (FPCN), of which the LFC is a major hub, is associated with reserve.

Results
Higher entorhinal tau PET was strongly associated with poorer delayed free recall performance
(β/SE = −0.49/0.07, p < 0.001). A significant gLFC connectivity × entorhinal tau PET in-
teraction was found (β/SE = 0.19/0.06, p = 0.003), such that at higher levels of gLFC con-
nectivity, the decrease in memory score per unit of entorhinal tau PET was attenuated. The
FPCN connectivity × tau interaction was also significant (β/SE = 0.10/0.04, p = 0.012).

Conclusion
Both gLFC and FPCN connectivity are associated with higher resilience against the adverse
effect of early-stage entorhinal tau pathology on memory performance.
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Abnormal tau and β-amyloid deposition are the predominant
primary pathologies in Alzheimer disease (AD), where path-
ologic tau particularly in the entorhinal cortex is associated with
early episodic memory impairment.1–4 However, reserve ca-
pacity may modulate the negative effect of primary AD pa-
thology on cognitive performance, such that at higher levels of
reserve, the cognitive impairment is alleviated.5–8 While several
environmental factors (e.g., education) have been associated
with higher reserve,9 the underlying brain mechanisms are
largely unknown. We recently showed that higher global con-
nectivity of the left frontal cortex (gLFC connectivity) assessed
by resting-state fMRI is a potential neural substrate of reserve in
AD.10–13 That is, stronger connectivity between the left frontal
cortex (LFC), a major hub of the frontoparietal control net-
work (FPCN),14,15 and any other brain region was associated
with attenuated effects of gray matter degeneration onmemory
performance.12,13

Whether reserve capacity modulates the adverse effect of
entorhinal tau pathology remains unclear. Early postmortem

studies suggested that reserve capacity may moderate amyloid
but not tau pathology,16–18 whereas more recent regional tau
PET studies suggested higher reserve capacity to be associ-
ated with higher tolerance of tau PET.19,20 However, in these
studies, reserve was assessed only through nonspecific
proxies including education or IQ, which lack mechanistic
insight. Here, we examined gLFC connectivity and in addi-
tion functional connectivity of the whole FPCN as potential
substrates of reserve. Given the central role of hubs in the
brain, we hypothesized that in particular higher gLFC con-
nectivity is associated with attenuated effects of entorhinal
tau PET.

Methods
Participants
All participants were recruited within the Alzheimer’s Disease
Neuroimaging Initiative (ADNI; recruitment phase III, Clin-
icalTrials.gov ID: NCT02854033). Tau PET was introduced
only in phase III of ADNI, with the total number of 258

Glossary
AD = Alzheimer disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative; BOLD = blood oxygenation level–dependent;
CDR = Clinical Dementia Rating; CI = confidence interval; CN = cognitively normal; EPI = echoplanar imaging; FPCN =
frontoparietal control network; gLFC = global left frontal cortex; GM = gray matter; LFC = left frontal cortex;M1 = primary
motor cortex; MCI = mild cognitive impairment; MMSE = Mini-Mental State Examination; MNI = Montreal Neurologic
Institute; PVC = partial volume corrected; RAVLT = Rey Auditory Verbal Learning Task; ROI = region of interest; SUVR =
standardized uptake value ratio; TR = repetition time; WM = white matter.
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participants (as of February 2018). Inclusion criteria for the
current study beyond those of ADNI were diagnosis of either
cognitive normal (CN) (Mini-Mental State Examination
[MMSE] > 24, Clinical Dementia Rating [CDR] = 0) or
amnestic mild cognitive impairment (MCI) (MMSE > 24,
CDR = 0.5, objective memory loss on the education-
adjusted Wechsler Memory Scale II, preserved activities of
daily living). Moreover, availability of the following meas-
ures was required: episodic memory performance (Logical
Memory subtest of the Wechsler Memory Scale), T1-
weighted MRI and resting-state fMRI, tau PET, and amyloid
PET, all obtained at the same study visit (figure 1 for schema
of sample selection). From the total sample of 154 partic-
ipants, who all satisfied the inclusion criteria, 29 participants
were excluded (mainly due to poor data quality). The final
sample included 125 participants, of which 82 were CN and
43 were MCI patients. Amyloid status was determined for
all participants by applying established cutoffs for amyloid
PET. Forty-two participants had been identified as amyloid-
positive (CN/MCI = 27/15) and 83 participants as amyloid-
negative (CN/MCI = 55/28) (see Assessment of amyloid
status).

Standard protocol approvals, registrations,
and patient consents
Ethics approval was obtained by the ADNI investigators. All
study participants provided written informed consent.

Assessment of episodic memory
Episodic memory was measured as delayed recall perfor-
mance from the Wechsler Memory Scale (Logical Memory
subtest II, primary measure)21 and the Rey Auditory Verbal
Learning Test (RAVLT, secondary measure).22 We focused
on these tests of episodic memory since previous studies
showed high sensitivity of these memory tests to entorhinal
tau PET.2,4 The secondary measure, RAVLT performance,
was available in a subsample of 81 out of 125 participants.

MRI and PET acquisition
ADNI is a multicenter study, where MRI scans are obtained on
different scanner systems from the manufacturers Siemens
(Munich, Germany), GE (Cleveland, OH), and Philips (Best,
the Netherlands) (n = 78/34/13) using unified scanning pro-
tocols (details can be found at adni.loni.usc.edu/wp-content/
uploads/2017/07/ADNI3-MRI-protocols.pdf). In brief, struc-
turalMRI was recorded using a 3DT1-weightedmagnetization-
prepared rapid gradient echo sequence with 1 mm isotropic
voxel resolution and a repetition time (TR) = 2,300 ms. For
fMRI, a total of 200 volumes were recorded using a 3D echo-
planar imaging (EPI) sequence in 3.4 mm isotropic voxel res-
olution with a TR/echo time/flip angle = 3,000/30/90°.

Tau PET was recorded 75–105 minutes postinjection of 370
MBq 18F-AV1451, in 30-minute (6 × 5 minutes) time frames.
Amyloid PETwas recorded either 50 minutes postinjection of
370 MBq florbetapir or 90 minutes postinjection of 300 MBq
florbetaben, for 20-minute (4 × 5 minutes) time frames. The
dynamically acquired images were then realigned and aver-
aged to obtain a single tau PET or amyloid PET image.
Further details can be found online in the PET technical
procedures manual (adni.loni.usc.edu/wp-content/uploads/
2012/10/ADNI3_PET-Tech-Manual_V2.0_20161206.pdf).

Preprocessing of resting-state fMRI data
The same SPM12-based (Wellcome Trust Centre for Neu-
roimaging, University College London, UK) processing
pipeline as described previously by us10,11 was applied. In an
initial step, structural MRI were segmented into gray matter
(GM), white matter (WM), and CSF maps using SPM’s new
segment approach. The DARTEL toolbox implemented in
SPM12 was used for high-dimensional nonlinear normaliza-
tion of segmented images to Montreal Neurologic Institute
(MNI) standard space.23 Functional EPI images were slice-
time corrected, motion corrected, coregistered to the T1
images, and DARTEL warped to MNI space. To further

Figure 1 Participant selection flowchart

*Excluded because of significant structural ab-
normalities. **Excluded because resting-state
fMRI data had too few timepoints. ***Mainly
excluded because of excessive headmotion. Aβ =
β-amyloid; ADNI = Alzheimer’s Disease Neuro-
imaging Initiative; CN = cognitively normal; MCI =
mild cognitive impairment.
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denoise the EPI images, we regressed out nuisance covariates
(i.e., average WM and CSF signal and motion measures es-
timated during EPI realignment), removed the linear trend,
and applied band-pass filtering with a 0.01–0.08 Hz frequency
band. To further minimize the influence of motion, which
may compromise functional connectivity assessment,24 we
performed motion scrubbing, where we removed volumes
that showed a frame-wise displacement of >1 mm, as well as 1
prior and 2 subsequent volumes. Only participants for whom
fewer than 30% of volumes had to be removed were included
in the current study.10 Consistent with our previously applied
analysis approach,10 global signal regression was not part of
the preprocessing pipeline. However, repeating the analyses

with global signal regression applied yielded a consistent re-
sult pattern compared to that reported without global signal
regression (data not shown).

Since ADNI participants were recruited in a multicenter
framework using differentMRI scanners, we additionally tested
in this sample whether signal to noise ratio of the resting-state
fMRI scans showed any differences between scanners in tem-
poral signal to noise ratio using a previously described pro-
tocol.25 Here, we found no significant differences when
comparing signal to noise ratio between scanners using an
analysis of variance (p = 0.176).

gLFC/FPCN connectivity analysis
gLFC connectivity was estimated for each participant based on
fully preprocessed, GM-masked fMRI data and following our
previously established protocol.10,11 In brief, we created a bi-
nary sphere centered around the LFC (MNI: x = −42, y = 6, z =
28; Brodmann area 6/44; inferior frontal junction; figure 2B)
with a radius of 8 mm, which was used as the seed region for
connectivity analyses. The coordinates had been defined based
on a meta-analytic approach (including over 428 task-fMRI
studies on cognitive control) as previously described in detail.10

Next, we calculated Fisher z transformed Pearson-moment
correlations between the LFC region of interest time series and
each remaining GM voxel. In order to obtain a gLFC con-
nectivity score, we computed the average across all correlation
values > 0 (i.e., higher LFC blood oxygenation level–dependent
(BOLD) signal was associated with higher BOLD signal in
a given GM voxel). Hence, a high gLFC connectivity score
reflects high correlation strength, that is, high functional con-
nectivity of that locus. Global functional connectivity was fur-
ther computed for 2 unimodal control regions, which we did
not expect to contribute to reserve, including one in the oc-
cipital pole (MNI: x = −19, y = −102, z = −3), as well as M1 in
the motor cortex (MNI: x = −38, y = −22, z = 56). In addition,
we assessed functional connectivity at the network level in-
cluding 2 alternative indices of global FPCN connectivity:
between-network or within-network connectivity of the FPCN.
To this end, we used the well-established 17-netwok Yeo
parcellation,26 which identified 22 nodes as belonging to the
FPCN. Mean Fisher z transformed correlation strengths be-
tween the time series of each FPCN node and all other nodes
outside of the FPCN (for between-network connectivity) or
all other nodes within the FPCN (for within-network con-
nectivity) were calculated and then averaged for each FPCN
connectivity index at the participant level.

Preprocessing of tau PET and assessment of
entorhinal tau PET levels
For tau PET preprocessing, participant-specific tau PET images
were coregistered to the corresponding high-resolution T1
image. Coregistered tau PET images were intensity normalized
to the inferior cerebellar gray to obtain standardized uptake
value ratio (SUVR) scores following previous recom-
mendations.27 Tau PET images were not partial volume cor-
rected (PVC), since a recent investigation in a comparable

Figure 2 Group-averaged distribution of tau PET imaging
and seed-based global left frontal cortex
connectivity

Surface renderings of (A) mean standardized uptake value ratio (SUVR) from
[18F]AV-1451 tau PET. The blue-colored entorhinal cortex mask was defined
based on the Desikan-Killiany Atlas. Note that the entorhinal mask is dis-
played in Montreal Neurologic Institute space for illustration purpose only.
The analysis was performed in native space using Freesurfer. (B) Whole-
brain functional connectivity pattern from the left frontal cortex region of
interest that is superimposed as a blue sphere on the left hemisphere.
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group of ADNI participants showed no marked differences
between results obtained with and without PVC.2 However, we
performed sharpening of the images, following a previously
described protocol.28 To this end, we used the output of T1-
weighted image segmentation and discarded all coregistered
PET voxels whose probability of being GM was lower than
being CSF or WM.

Entorhinal tau pathology was quantified as the mean tau PET
signal within individual entorhinal cortex masks within each
participant’s native space. In more detail, all T1-weighted
scans were processed with FreeSurfer (v6.0; surfer.nmr.mgh.
harvard.edu/). Within the Freesurfer standard pipeline
(recon-all, default set of measures), left and right entorhinal
cortex masks are computed based on the Desikan-Killiany
atlas.29 Superimposed on the coregistered tau PET images,
these masks were used to compute a bilateral, mean ento-
rhinal tau PET score for each participant (figure 2A illustrates
the entorhinal cortex mask in MNI space). To account for
potential effects of atrophy of the entorhinal cortices, Freesurfer-
derived measures of entorhinal volume scaled by the total
intracranial volume were considered as a covariate in the
statistical analyses. Though entorhinal tau (Braak stage I)
was the main focus of the present study, mean tau PET levels
in limbic and neocortical regions were additionally assessed,
in which higher tau levels indicate more advanced tau
spreading according to the Braak neurofibrillary tangle
staging scheme.30 Details of the Braak staging procedure can
be found elsewhere.4 In brief, volume-weighted mean SUVR
from 2 composite regions of interest (ROIs) was computed
reflecting corresponding anatomical definitions of Braak
stages III/IV (limbic) and Braak V/VI (neocortical). Tau
levels in Braak stage II were intentionally not considered due

to known off-target binding of the tau PET tracer in the
hippocampus.31 Instead, we assessed tau PET levels of the
parahippocampal gyrus (Braak III), which had been shown
to be relevant for memory besides entorhinal tau.4

Assessment of amyloid status
One hundred participants underwent 18F-AV-45 (florbetapir)
amyloid PET and 25 participants 18F-BAY94-9172 (florbe-
taben) amyloid PET. Amyloid status was computed following
a method described previously.32 Amyloid PET images were
coregistered to the corresponding T1-weighted image. Next,
mean amyloid PET values were extracted from Freesurfer-
derived GM regions (i.e., frontal, anterior/posterior cingulate,
lateral parietal, lateral temporal) and intensity normalized
to the whole cerebellum. All participants were stratified into
amyloid-positive or amyloid-negative based on pre-established
cutoffs (global florbetapir SUVR >1.11 or global florbetaben
SUVR >1.2, table 1).32

Statistical analysis
First, mixed-effects regression analysis was conducted to as-
sess whether entorhinal tau PET levels are a significant pre-
dictor of participants’ delayed recall performance (Logical
Memory Test of Wechsler Memory Scale) accounting for age,
sex, diagnosis, and education as fixed effects and scanner as
a random effect. The random effect in the current case was the
type of scanner. In separate regression analyses, we tested
whether inclusion of tau levels in brain regions of higher Braak
stages, entorhinal volume, or amyloid status (or cortical am-
yloid PET) as fixed effects explained additional variance in
delayed recall performance. For testing our main hypothesis,
that is, higher gLFC connectivity attenuates the associa-
tion between entorhinal tau PET and episodic memory

Table 1 Sample characteristics

Total CN, Aβ2 CN, Aβ+ MCI, Aβ2 MCI, Aβ+

Sample size 125 55 27 28 15

Age, y 73.5 (6.8) 72.6 (6.7) 74.3 (4.4) 74.9 (8.5) 72.8 (7.6)

Sex, F/M 73/52 31/24 19/8 15/13 8/7

Education, y 16.3 (2.7) 16.6 (2.3) 16.7 (2.7) 15.7 (3.2) 15.7 (3.2)

MMSE 28.7 (1.7) 29.1 (1.2) 29.4 (0.9) 28.1 (2.1) 27.1 (2.3)

Delayed recall, logical memory test 11.7 (5.0) 13.5 (3.3) 14.4 (3.7) 8.7 (4.5) 5.6 (5.5)

Word list learning, RAVLTa 5.3 (2.7) 5.7 (2.7) 6.7 (2.2) 4.3 (2.6) 3.8 (2.6)

Entorhinal tau PET, SUVR 1.16 (0.20) 1.10 (0.10) 1.17 (0.13) 1.18 (0.26) 1.38 (0.27)

Cortical amyloid PET, SUVRb 1.12 (0.22) 0.99 (0.05) 1.28 (0.16) 0.97 (0.12) 1.45 (0.23)

Amyloid status, 2/+ 83/42 55/0 0/27 28/0 0/15

Scanner, Siemens/GE/Philips 78/34/13 32/16/7 18/8/1 21/5/2 7/5/3

Abbreviations: Aβ = β-amyloid; CN = cognitively normal; MCI = mild cognitive impairment; MMSE = Mini-Mental State Examination; RAVLT = Rey Auditory
Verbal Learning Task; SUVR = standardized uptake value ratio.
a Data of only 81 participants for whom RAVLT performance was available.
b Data of only 100 participants with the same amyloid (florbetapir) PET tracer.
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impairment, we tested whether there is a significant in-
teraction effect of gLFC connectivity by entorhinal tau PET
uptake on memory performance. A significant interaction
would mean that the relationship between entorhinal tau PET
levels and memory performance differs depending on the
strength of gLFC connectivity. The model was controlled for
age, sex, diagnosis, education, entorhinal volume, and amyloid
status (fixed effects) as well as scanner (random effect). To
test whether the gLFC connectivity × entorhinal tau PET
interaction term improves the model fit, we compared the
Akaike information criterion of the full model (with interaction
term) to that of the reduced model (without interaction term).
The Akaike information criterion is an estimate of the quality
of a statistical model given a particular set of data.

The robustness of the interaction effect was tested by rerunning
regression analysis after removing influential cases defined via
Cook33 distance D. Cook distance estimates the influence of
single data points (cases) on the regression coefficient of
a linear regression analysis, where the change in regression
coefficient after exclusion of a given data point is tested. Data
points with a large influence were excluded in order to test
whether the regression coefficient is still significant (the cutoff
for considering a case as influential was defined as [4/number
of observations − number of independent variables – 1]).

In order to estimate exact confidence intervals (CIs) for the
regression coefficient of the interaction term, nonparametric
bootstrapping of the regression analysis described above was
performed. For this purpose, we created 1,000 bootstrap
samples by repeatedly resampling the original data (with re-
placement) and recorded the regression coefficient of the in-
teraction term for each resampled dataset. The 95% CI of the
regression coefficient was calculated, using the frequency his-
togram of the statistics computed from the bootstrap samples.

To ensure that any interaction effect of gLFC connectivity ×
entorhinal tau PET was not dependent on the particular
memory test used as the dependent variable, we reran re-
gression analysis, this time using word list learning on RAVLT
as the dependent variable. To further ensure reliability of our
results, we tested whether gLFC connectivity also interacts
with tau PET levels in the parahippocampal gyrus. Further-
more, we tested whether connectivity of the whole FPCN
network may moderate the association between entorhinal
tau PET and episodic memory using the equivalent mixed-
effect regression model as described above, but including the
interaction term FPCN connectivity (either within- or
between-network) × tau. As a test of specificity, we repeated
this analysis for global connectivity of brain areas not related
to cognitive control, but that are associated with motoric
functions and visual perception (i.e., M1 and occipital pole),
and for which we thus did not expect any interaction effect on
the tau–memory relationship. In order to test whether the
hypothesized interaction between gLFC connectivity ×
entorhinal tau was different between amyloid-positive and
amyloid-negative participants, we extended the regression

equation, additionally including the 3-way interaction gLFC
connectivity × entorhinal tau PET × amyloid status on
memory performance. A significant 3-way interaction would
mean that the potential modulating influence global LFC
connectivity has on the tau–memory relationship differs be-
tween amyloid-positive and amyloid-negative participants.
Instead of amyloid status, we repeated the 3-way interaction
analysis including continuous measures of mean cortical
amyloid PET SUVR for the 100 participants who were
assessed with the same amyloid (florbetapir) PET tracer. Fi-
nally, we tested in a regression analysis whether gLFC con-
nectivity itself may decrease at higher levels of entorhinal tau
PET or amyloid status controlling for age, sex, education,
diagnosis (fixed effects), and scanner (random effect).

All analyses were performed using the freely available R sta-
tistical software package (r-project.org) (R Core Team,
2014); standardized beta coefficients were considered signif-
icant when meeting a p value <0.05.

Data availability statement
Data on participant demographics are available in table 1.
Summary data of the statistical analyses are provided in table 2.
ADNI data are accessible from adni.loni.usc.edu/data-samples/
access-data/.

Results
Figure 2A shows the group-averaged SUVR derived from tau
PET imaging, where higher values indicate more tracer up-
take. In line with previous studies, marked tau accumulation
was especially present in the inferior temporal, entorhinal,
parahippocampal, and fusiform cortices (Braak I–III). Mean
LFC connectivity across all participants is illustrated in figure
2B. Consistent with our previous findings,10,11 higher activity
in the LFC region was mainly associated with higher activity
in frontal and parietal regions overlapping with the FPCN as
well as the dorsal and ventral attention networks.

Entorhinal tau is a strong predictor of
episodic memory
Higher entorhinal tau PET values were strongly associated
with poorer delayed recall performance (β = −0.38, SE =
0.07, p < 0.001), while tau PET levels in regions corre-
sponding to Braak stage III/IV (p = 0.57) or Braak V/VI (p =
0.39) did not explain any further variance in memory perfor-
mance. Neither entorhinal volume (p = 0.81) nor amyloid status
(p = 0.43) accounted for any variance after entorhinal tau PET
had been included into the model. The same was true when
continuous cortical amyloid PET levels were included (n = 100).

Higher gLFC connectivity attenuates the
adverse effect of entorhinal tau PET
on memory
Addressing our main hypothesis, we assessed whether higher
gLFC connectivity is associated with an attenuated effect of
entorhinal tau PET on memory. The interaction effect of
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gLFC connectivity × entorhinal tau PET on delayed recall
performance was significant (β = 0.19, SE = 0.06, p = 0.003).
Figure 3A shows that at higher levels of gLFC connectivity,
the association between higher entorhinal tau PET and lower
memory scores was attenuated compared to that at lower levels
of gLFC connectivity (table 2). Residuals were normally dis-
tributed (Shapiro-Wilk normality test was not significant, p =
0.80). The bootstrapping-derived 95% CIs of the interaction term
(β values) were 0.016–0.296. The full models including the in-
teraction term showed a better model fit (i.e., Akaike information
criterion) as compared to the reduced models (299 vs 303).

Robustness of the model was confirmed based on Cook dis-
tance. Five influential cases (see gray circle in figure 3A) had
been identified showing Cook distance D larger than the cutoff

(4/number of observations − number of explanatory variables
− 1 = 0.055). After excluding the influential cases and rerunning
the mixed effect model, the gLFC connectivity × entorhinal tau
PET interaction effect remained significant (β = 0.20, SE =
0.06, p = 0.001). In order to ensure that the current results are
robust across different tests of episodic memory, we repeated
the mixed-effects regression analysis, this time using correctly
recalled words on RAVLT as the dependent variable. Results
showed a significant entorhinal tau × gLFC connectivity in-
teraction effect on RAVLT performance (β = 0.20, SE = 0.10,
p = 0.039, CI 0.085–0.381). Note that only those 81 partic-
ipants could be included for whom RAVLT scores were
available (figure 3B). No influential cases had been detected
based on Cook distance. Robustness of the results was further
supported by observing a significant parahippocampal tau ×

Table 2 Summary of linear mixed-effects models

β (SE) T value p Value DR2c Overall R2d

Reserve effect of gLFC connectivitya

Entorhinal tau × gLFC connectivity 0.19 (0.06) 3.07 0.003 0.18 0.566

Entorhinal tau −0.40 (0.07) −5.67 <0.001 0.35

gLFC connectivity 0.09 (0.06) 1.52 0.13 0.08

Reserve effect of between-network FPCN connectivitya

Entorhinal tau × gFPCN connectivity 0.09 (0.04) 2.61 0.010 0.16 0.554

Entorhinal tau −0.40 (0.07) −5.67 <0.001 0.35

gFPCN connectivity 0.07 (0.06) 1.09 0.28 0.06

Reserve effect of within-network FPCN connectivitya

Entorhinal tau × lFPCN connectivity 0.10 (0.04) 2.56 0.012 0.15 0.574

Entorhinal tau −0.41 (0.07) −5.74 <0.001 0.35

FPCN connectivity 0.08 (0.06) 1.29 0.20 0.06

No reserve effect for control ROI, M1, and occipital polea

Entorhinal tau × M1 connectivity −0.07 (0.08) −0.82 0.41 0.03 0.527

Entorhinal tau × occipital connectivity 0.10 (0.06) 1.79 0.074 0.08 0.542

Influence of amyloid pathologya

Entorhinal tau × gLFC connectivity × amyloid status −0.03 (0.14) −0.18 0.86 0.00 0.567

Entorhinal tau × amyloid status −0.30 (0.14) −2.21 0.029 0.12

Amyloid status × gLFC connectivity 0.05 (0.07) 0.66 0.51 0.00

gLFC connectivity is not affected by entorhinal tau or cortical amyloid PETb

Entorhinal tau × amyloid status −0.19 (0.19) −0.99 0.32 0.09 0.083

Entorhinal tau 0.08 (0.13) 0.65 0.52 0.00

Amyloid status 0.31 (0.20) 1.55 0.12 0.12

Abbreviations: FPCN = frontoparietal control network; gLFC = global left frontal cortex; M1 = primary motor cortex; ROI = region of interest.
a Dependent variable: Delayed recall score of Wechsler Logical Memory Test.
b Dependent variable: gLFC connectivity.
c Squared semi-parietal correlation coefficient, which is the proportion of the total variance in the dependent variable that is uniquely explainable by each
independent variable.
d Squared correlation coefficient, which is the proportion of the total variance in the dependent variable explained by all independent variables (i.e., thewhole
model).

Neurology.org/N Neurology | Volume 93, Number 4 | July 23, 2019 e353

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


gLFC connectivity interaction on memory performance (β =
−0.14, SE = 0.06, p = 0.027). Separate regression analyses with
global functional connectivity of control ROIs including oc-
cipital pole and M1 as the independent variable instead of
gLFC connectivity showed no interaction with entorhinal tau
PET on memory performance (for occipital pole control ROI:
p = 0.074; M1 control ROI: p = 0.41). Detailed results of all
control analyses are summarized in table 2.

Reserve capacity of the whole FPCN
Since the LFC is part of the FPCN, we tested whether FPCN
connectivity is also associated with reserve capacity against
entorhinal tau PET levels. Mixed-effects regression analysis
yielded a significant interaction between FPCN connectivity
and entorhinal tau onmemory (between-network connectivity:
β = 0.09, SE = 0.04, p = 0.010; within-network connectivity: β =
0.10, SE= 0.04, p= 0.012). This result suggests that participants
with high FPCN connectivity could maintain better memory
performance compared to participants with lower FPCN
connectivity at comparable levels of entorhinal tau PET burden.

Influence of amyloid pathology
We did not observe a significant gLFC connectivity by amyloid
status interaction on delayed recall performance (p = 0.51).
The 3-way interaction gLFC connectivity × entorhinal tau PET
level × amyloid status on delayed recall performance was also
nonsignificant (p = 0.85). These results did not change when
cortical amyloid PET levels (n = 100) were considered.

gLFC connectivity is not significantly affected
by tau PET or amyloid PET levels
Regression analyses testing the susceptibility of gLFC con-
nectivity to AD pathology yielded no main effects of either

entorhinal tau (p = 0.52) or amyloid status (p = 0.12) and also
no tau × amyloid interaction effect (p = 0.32) on the strength
of gLFC connectivity.

Discussion
The major finding of the current study shows that at higher
gLFC connectivity levels the effect of elevated entorhinal tau
PET on episodic memory impairment was attenuated. Ad-
ditional exploratory analyses showed that FPCN connec-
tivity was associated with a reduced association between
entorhinal tau and memory decline. Together, these findings
suggest that higher connectivity of the FPCN and in par-
ticular of its LFC hub contribute to resilience against the
negative consequences of entorhinal tau accumulation on
memory performance.

Our results contribute to the clarification of a key question on
reserve capacity in relation to tau raised by previous findings.
Previous histopathologic brain autopsy studies reported that
education, that is, a proxy of reserve capacity, was predictive of
relatively lower cognitive impairment in the presence of
neuritic amyloid plaques but not neurofibrillary tangles,16–18

suggesting that reserve capacity may fail to confer a cognitive
benefit in the presence of more severe neurotoxic tau pa-
thology. However, a recent tau PET study focusing on tem-
poral lobe tau PET load suggested that higher IQ, another
proxy of reserve, was associated with attenuated association
between temporal lobe tau PET and global memory decline.19

Furthermore, patients with AD with higher education showed
more severe tau PET uptake, suggesting higher tolerance of
tau PET pathology in individuals with higher education.20

Figure 3 Interaction between entorhinal tau PET levels and global left frontal cortex connectivity (gLFC) on episodic
memory performance

Tau PET levels in the entorhinal cortex are plotted against the residualized (A) delayed recall scores of theWechslerMemory Scale and (B) word list learning on
Rey Auditory Verbal Learning Task (RAVLT) (accounting for age, sex, diagnosis, education, and scanner). For illustrational purposes, groups of high and low
gLFC connectivity (defined via median split) are plotted separately. The gray circles mark influential cases based on Cook distance. After removing them, the
interaction between gLFC connectivity × entorhinal tau on delayed recall performance remained significant. Note that there are no influential cases in (B).
SUVR = standardized uptake value ratio.
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These discrepancies between the early postmortem studies
and more recent studies may stem from the different meth-
odologic approaches (postmortem histopathology vs in vivo
tau PET or differences in the location of brain regions
assessed), and from the fact that education and IQ are non-
specific proxies of reserve, lacking insights into the functional
brain mechanisms underlying reserve. The current hypothesis-
driven study thus answers to the question raised by these
previous studies, suggesting that resting-state fMRI assessed
gLFC connectivity is a functional brain mechanism that
enhances reserve capacity supporting memory abilities in the
presence of entorhinal tau pathology.

For the marker of pathologic tau, we focused on tau PET
uptake specifically in the entorhinal cortex since previous
studies found the strongest correlations between episodic
memory and tau PET levels in the entorhinal cortex.2,4

Consistent with those results, we found that higher entorhinal
tau PET was a close correlate of memory impairment. Of
note, entorhinal volume or amyloid status did not add to the
prediction of memory, suggesting that entorhinal tau pa-
thology is a key determinant of memory impairment. We
found no interaction between amyloid PET and gLFC con-
nectivity on memory nor did amyloid levels modulate the
interaction between gLFC connectivity and entorhinal tau on
memory performance. While previous studies clearly suggest
that the abnormal amyloid levels are associated with cognitive
impairment,34 the effect size is smaller compared to that of tau
pathology.35,36 Amyloid PET binds both to diffuse and neu-
ritic plaques.37 However, predominantly neuritic plaques have
been found to be associated with cognitive impairment,38

which possibly accounts for the weak association between
amyloid PET and cognitive impairment. Together, these
results support the importance of detecting reserve factors
that may moderate the effect of regional tau pathology such as
in the entorhinal cortex as a key pathology underlying
memory impairment.

Our results on gLFC connectivity as a moderating factor of
entorhinal tau pathology are consistent with our previous
findings of higher gLFC connectivity to be associated with
attenuated memory impairment at a given level of precuneus
FDG-PET hypometabolism in prodromal AD and CSF tau
across the AD spectrum.10,11 Here, we additionally demon-
strated that connectivity of the whole FPCN also attenuates
tau-related memory impairment. These results suggest that
the protective effects of gLFC hub connectivity can be gen-
eralized to the FPCN network level. The LFC is among the
top 5% of all brain regions ranked by the degree of global
connectivity,39 and is a hub region of the FPCN.14,15 Func-
tional connectivity of the FPCN, and in particular, the LFC
hub have been proposed to support higher cognitive func-
tions14 and to play a central role in mental health due to
their central function of orchestrating the activity of other
networks.15,40 We have previously shown that higher gLFC
connectivity is associated with higher efficiency of connected
networks during memory task fMRI, and thus supports

cognitive abilities.12 In the current study, our exploratory
analysis showed that global connectivity of the FPCN (in-
cluding both between-network and within-network connec-
tivity) was associated with an attenuated association between
pathologic tau and episodic memory. The FPCN has been
previously proposed to be a functional network that flexibly
regulates the activity of other networks during changing task
demands.15 Thus, the FPCN and in particular its highly
connected LFC hub may exert a central role in the brain to
allow a flexible adjustment to cognitive challenges such as
posed by pathologic brain alterations in AD. In this regard, it
would be interesting for future studies to examine gLFC and
FPCN connectivity in relation to cognitive control abilities,
which are relatively preserved at least in early-stage AD.

A limiting factor of the present study is that cross-sectional
data do not allow drawing conclusions on whether the gLFC
connectivity profile is associated with future memory per-
formance. The current results encourage future longitudinal
studies to test whether individuals with higher gLFC con-
nectivity experience less memory decline over time compared
to participants with similar tau progression but lower gLFC
connectivity. Another caveat is that in the current study fo-
cusing on tau PET not all brain pathology that may have
influenced memory impairment could be captured. However,
several observations and measures reduce the likelihood of
that possible caveat. First, entorhinal tau PET was the main
predictor of memory impairment in our regression analyses,
since tau PET extracted from other brain regions and amyloid
PET added no further value for predicting memory perfor-
mance. Second, higher gLFC connectivity itself was not as-
sociated with tau PET or amyloid PET in the current study,
suggesting that gLFC connectivity is not confounded by
covarying levels of AD-related pathology. Another caveat is
the unspecific binding of AV1451 PET, which may have af-
fected the current results. Off-target binding has been shown
to affect the meninges or choroid plexus, and may spill into
the hippocampus.31 We therefore did not include hippo-
campus tau PET in the current analysis in order to minimize
the influence of off-target binding. Finally, at the cognitive
level, a particular choice of episodic memory test may have
influenced the results. However, we demonstrated that our
findings were robust across different neuropsychological tests
of episodic memory performance, supporting the construct
validity of our results.

Overall, the current study demonstrated that higher gLFC
connectivity attenuated the effect of elevated entorhinal tau
on memory impairment. Together with our previous
studies—demonstrating that gLFC connectivity moderates
the negative consequences of AD-related brain abnormalities
including FDG-PET hypometabolism and GM atrophy—
gLFC connectivity and FPCN connectivity seem to play
a broader role in supporting reserve in elderly participants.41

Our results have clinical implications, suggesting that FPCN
connectivity, and in particular gLFC connectivity, provides
a target for therapeutic interventions via neurofeedback or
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transcranial direct current stimulation.42 The current results
encourage future clinical trials to modulate frontoparietal
connectivity as a strategy to enhance reserve capacity.
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